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308a Monday, February 4, 2013interrupted in the docked and relaxed actomyosin by applying a mutation,
myosin relaxed back to its original up lever conformation. In order to test
our in silico results, we experimentally examined the lever movement upon
actin binding. GFP and ReAsH were introduced into the C- and N-terminal
of Dictyostelium myosin motor domain to follow the lever position by
FRET. We conclude that in silico and experimental results reveal a new state
of actomyosin at the beginning of the powerstroke, indicating the initial mech-
anism of actin activation of myosin.
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All-Atom Simulations of Actin-Myosin Interactions — A Comparative
Study of Cardiac Alpha Myosin, Beta Myosin and Skeletal Muscle Myosin
Wenjun Zheng, Minghui Li.
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To explore the structural and energetic basis of actin-myosin interactions, we
have performed intensive all-atom molecular dynamics simulations followed
by free energy calculations & partitions for three types of myosins (cardiac
alpha myosin, beta myosin and skeletal muscle myosin). We constructed
atomistic models for acomyosin complex in the rigor state by fitting
models of myosin and three actin subunits into the cryo-EM map of myosin-
decorated filamentous actin. A total of 100ns molecular dynamics simulations
were performed for each actomyosin system. We have identified a set of
key residues critically involved in actin-myosin binding — many of them are
highly conserved or implicated in mutations that cause hypertrophic cardio-
myopathy. The calculated actin-binding affinities are in good agreement with
the experimental finding of higher affinity for cardiac beta myosin than alpha
myosin and skeletal muscle myosin.
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A Modified Huxley-Type Model that Simulates Activation-Dependent
Rates of Tension Recovery
Kenneth S. Campbell.
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Many laboratories now estimate how quickly cross-bridges cycle in chemi-
cally permeabilized muscle preparations by measuring how quickly tension
recovers to its steady-state after a rapid-shortening/re-stretch perturbation.
Brenner, who developed this technique (PNAS, 85:3265-3269, 1988), showed
that the rate of force development (ktr) increased with the level of Ca
2þ
activation. K.B. Campbell (no relation to the present author) developed
an analytical model (Biophys J, 72:254-262, 1997) that attributed the
activation-dependence of the rate constant to cooperative effects. The current
work extends this approach by modifying a strain-dependent Huxley-type
model (Prog Biophys Biophys Chem, 7:255-318, 1957) so that the proportion
of binding sites that are available for cross-bridges to attach to (pon) depends
on the prevailing Ca2þ concentration and the muscle’s history of movement.
Specifically, dpon/dt = (kon[Ca
2þ] þ cpon)(1-pon) - koff(pon-pbound), where kon
and koff are rate constants, c is a scaling factor, and pbound is the proportion of
binding sites that have myosin heads attached. During a rapid shortening/
re-stretch maneuver, myosin heads are forcibly detached as they are pulled
into configurations with high detachment rates. This increases the (pon-pbound)
term above and the pon population thus declines. At high Ca
2þ concentrations,
this effect is short-lived and pon quickly returns to its steady-state value.
ktr under these conditions is thus limited by the f and g rate functions. At
low Ca2þ concentrations, dpon/dt is suppressed and ktr is dictated by how
quickly binding sites become available for myosin heads to attach to. Initial
calculations have shown that when this model is driven by a realistic length
perturbation, the simulated force records accurately reproduce those measured
in real experiments using rat myocardial preparations.
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A New Theory on k(TR) with Series Elastic Elements
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It has been known that when the length of active muscle fiber is released
suddenly by ~15% and re-stretched, tension falls to 0, then it redevelops ex-
ponentially with the rate constant ktr. The rise of tension has been interpreted
to represent the force generation step (partial cross-bridge cycle). Here we
propose a model, in which cross-bridges cycle many times in this period by
stretching series elastic elements. One assumption needed is either the step
size (h) or the stepping rate (v) decreases linearly with tension(F): h=h0{1-
F(t)/F0} (1), or n ¼ n0{1-F(t)/F0} (2), where F0 is isometric tension; h0 is
step size and n0 is the number of steps/sec without load. Eqs. 1 and 2 are
mathematical representations of the Fenn effect. Distance travelled by cross-
bridges in time dt is hvdt, which stretches series elastic with stiffness s.Thus, the increase in tension is: dF=svhdt. By using Eq. 1 or 2, we
get: dF/dtþkF=kF0 (3), where k=sh0n0/F0 (4). By solving Eq. 3 with F(0)=0,
we get F(t)=F0{1-exp(-kt)} (5). Eq. 5 is a good approximation of tension
time course which deduced kTR. From Eq. 4, it can be concluded that kTR is
proportionately related to the turn over rate (n0). Because ATPase=M0n0 (M0
is myosin concentration), k=ATPasesh0/F0M0 (6). Our available data on
rabbit psoas fibers on kTR and ATPase at 10
C–25C demonstrate that
these are proportionately related, as predicted by Eq. 6. Our data further
demonstrate that kTR and 2pa (slowest rate constant of tension transients)
are linearly related by 2pa=0.71kTRþ0.89s1, demonstrating that 2pa is
also limited by the turn over rate. In the two state model with attachment
rate (f) and detachment rate (g), the turnover rate is v0=fg/(fþg), hence
kTR=(sh0/F0)(fg)/(fþg) (limited by a slow reaction). Therefore, kTRs fþg
(limited by a fast reaction).
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The zebrafish is an important model for studying the development of the
cardiovascular system and the effect of mutations in various cardiovascular
genes. Because of the relative ease of genetic screening, the zebrafish provides
a unique model system for the study of the location and functional role of the
proteins in adult macromolecular structures such as the cardiac thick filament.
As a step towards this goal, we successfully developed a technique for the
isolation of zebrafish cardiac thick filaments and examined them by negative
staining with uranyl acetate and electron microscopy (EM). The isolated fila-
ments appear well ordered with the characteristic 43 nm quasi-helical repeat
of the myosin heads. We have also performed single particle image analysis
on the collected EM images of the C-zone region of these filaments and ob-
tained a 3D-reconstruction at 35A˚ resolution. This 3D-reconstruction shows
many similarities, but also some differences from previous reconstructions
of mammalian cardiac thick filaments. Our goal is to further refine the current
image map of the zebrafish cardiac thick filament and use it as a model for
comparison with the structure of isolated thick filaments with mutations or
modifications in the thick filament associated proteins. Supported by a NIH
grant SC1HL096017 to RWK and a British Heart Foundation Fellowship
FS/07/017/22951 to HA.
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Striated-muscle contraction is propelled by the concerted action of many
myosin II molecules assembled into highly organized, semi-crystalline bipolar
thick filaments (TFs). Myosin II spontaneously polymerizes into synthetic
filaments upon lowering the ionic strength thereby providing a structural-
functional model, yet the exact backbone structure and the mechanisms
whereby the length and diameter of vertebrate TFs are regulated, are still
little understood. Here we investigated the topographical structure of TFs by
using high-resolution AFM under aqueous buffer conditions at various ionic
strengths.
Synthetic TFs were obtained by dialyzing rabbit longissimus dorsi myosin II
against buffers containing 0-120 mM KCl. Filaments were deposited on
freshly-cleaved mica and imaged to obtain qualitative and quantitative struc-
tural parameters: morphology, length, width, and height. Surface-adsorbed
TFs, with lengths ranging between 800-4500 nm, appeared as axially bipolar
structures flattened by surface stabilization, thereby exposing the underlying
subfilamentous features. TFs were splayed towards their ends, indicating that
the interactions holding together the individual myosin molecules are progres-
sively weaker towards the N-terminal head domain. Myosin molecules often
emerged from intertwined subfilaments, the number of which ranged between
3-10 per cross section. A compact core structure was frequently present, occu-
pying approximately 25 % of the filament length. Conceivably, the compact
core serves as the site of linkage between the C-terminal ends of the myosin
II tail domains. Filament width, indirect measure of structural compactness,
was 102.66523.38, 177.71556.30, 160.06541.53, 154.93545.85 and
145.04538.57 nm at 0, 30, 60, 90 and 120 mM KCl, respectively, indicating
that TFs are structurally loosened even by small concentrations of ions, but
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tural integrity. The electrostatically modulated TF compaction may contribute
towards structural dynamics necessary for interactions with various sarcomeric
proteins.
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Myosin binding protein-C (MyBP-C) is a thick filament accessory protein of
vertebrate striated muscle. It is essential for normal cardiac function, and
mutations in MyBP-C cause cardiac and skeletal muscle disease. The 40 nm
long molecule is composed of 10 or 11 immunoglobulin- or fibronectin-like
domains and is located in up to 9 axial stripes 43 nm apart in each half of
the A-band. To understand MyBP-C function it is important to know its struc-
tural organization in the sarcomere. Several models have been proposed, in
which MyBP-C either wraps around the thick filament, or extends radially
from or longitudinally along the filament (or some combination of these). To
distinguish between these models, we have used immuno-EM of mouse cardiac
myofibrils labeled with antibodies to different domains of MyBP-C to deter-
mine the relative axial positions of the domains. Myofibrils were obtained
from mouse cardiac muscle by homogenizing chemically skinned hearts under
rigor conditions. They were labeled with antibodies specific for the N-terminal
domain, the middle of the molecule, and the C-terminal domain, and observed
by negative stain EM. Labeled myofibrils showed nine stain-excluding stripes
in each half of the A-band. The average distance of each stripe from the middle
of the M-line was measured. All antibodies labeled axially within 10 nm of
each other, at the same axial positions as the unlabeled stripes, suggesting
that the bulk of MyBP-C runs radially or circumferentially. A small axial dif-
ference between the C-terminal and the central and N-terminal antigenic sites
suggests that a short portion of the C-terminus runs longitudinally. Electron to-
mography of muscle sections (Luther et al., PNAS 2011) and 3D reconstruction
of isolated thick filaments (Zoghbi et al., PNAS 2008) support the radial
arrangement.
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Myosin binding protein C (MyBP-C) is an accessory protein of the thick fila-
ments of vertebrate striated muscle. Its function in skeletal muscle is not yet un-
derstood, but it is known tomodulate contractility in the heart. Defects inMyBP-
C lead to both skeletal and cardiacmuscle disease.MyBP-C is an elongatedmol-
ecule consisting primarily of a linear array of 10 (skeletal) or 11 (cardiac) immu-
noglobulin- and fibronectin-like 10 kDa domains. In addition to binding to the
thick filament via its C-terminus, MyBP-C can also interact with myosin
subfragment-2 andwith actin via its N-terminus.MyBP-C is observed in EM im-
ages of sarcomeres as a set of up to nine transverse stripes, 43 nm apart, in each
half of the A-band. Electron tomography of skeletal muscle in the relaxed state
suggests that these stripes are due to extension ofMyBP-C from the surface of the
thick filament to the thin filaments, to which it binds. To investigate whether
MyBP-C might change structurally in different physiological states, we have
carried out experiments on isolated myofibrils and A-segments (A-bands free
of thin filaments) to determine the appearance of the stripes under different bio-
chemical conditions. Preliminary results suggest that in myofibrils (where thin
filaments overlap thick filaments), stripes are present in both relaxed and rigor
states, although they are less prominent in rigor. In A-segments (lacking thin fil-
aments), stripes are common in the relaxed and activated (ATP/high Ca2þ)
states, but weak or absent in rigor. The results are consistent with a model in
which the N-terminus of MyBP-C binds to actin filaments when they are avail-
able, and to myosin subfragment-2 when they are not.
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California Davis, Davis, CA, USA.Autosomal dominant mutations in myosin binding protein C (MYBPC3) ac-
count for up to 30% of myofibrillar mutations causing Hypertrophic Cardiomy-
opathy (HCM). We used SPontaneous Oscillatory Contractions (SPOC) to
compare the performance of isolated cardiomyocytes from heterozygous
MYBPC (þ/-) and homozygous MYBPC (-/-) and wild type (þ/þ) mice.
Our aim is to identify changes in their contractile parameters. SPOC is a phys-
iological state that is intermediate to full contraction and relaxation. The stable
auto-oscillatory properties of SPOC are well suited to precise measurements of
contraction and relaxation.
Preliminary evaluations reveal there is: (1) a progressive prolongation in both
the relative lengthening and shortening periods from MYBPCþ/þ to
MYBPCþ/- and MYBPC-/-; (2) MYBPCþ/- exhibits faster rates of lengthen-
ing than MYBPCþ/þ; (3) MYBPC-/- displays significantly depressed rates of
shortening compared to MYBPCþ/- and
MYBPCþ/þ. These findings suggest sig-
nificant systolic dysfunction in MYBPC-/-
associated with severe hypertrophic re-
modelling. Perhaps, more importantly
MYBPCþ/- exhibits diastolic dysfunction
consistent with previous reports examin-
ing SPOC in human HCM at the 56th
Biophysical Society Meeting. We con-
clude that SPOC can objectively assess
the functional state of heart muscle fibres
in this mouse model.1581-Pos Board B473
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Regulatory Light Chain are Better Oriented Than Phosphorylated Ones
Krishna Midde1, Ryan Rich2, Rafal Fudala1, Amy Li3, Ignacy Gryczynski1,
Julian Borejdo1.
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Calcium binding to thin filaments is a major element controlling active force
generation in striated muscles. Recent evidence suggests that processes other
than Ca2þ binding, such as phosphorylation of myosin RLC also controls
contraction of vertebrate striated muscle [1]. Electron Paramagnetic Reso-
nance (EPR) studies using nucleotide-analog spin label probes showed that
dephosphorylated myosin heads are highly ordered in the relaxed fibers
and have very low ATPase activity. This ordered structure of myosin
cross-bridges disappears with the phosphorylation of RLC [2]. The slower
ATPase activity in the dephosphorylated moiety has been defined as
a new super-relaxed state (SRX) [1]. It can be observed in both skeletal
[3] and cardiac muscle fibers [4]. Given the importance of the SRX which
suggests a novel pathway of regulation of skeletal muscle, we aim to
examine the effects of phosphorylation on cross-bridge orientation and
rotational motion. We find that: (1) relaxed cross-bridges are statistically
better ordered in muscle where the RLC is dephosphorylated compared to
phosphorylated RLC; (2) during relaxation, phosphorylated and dephos-
phorylated cross-bridges rotate equally slowly; and (3) during isometric
contraction, phosphorylated cross-bridges rotate considerably faster than de-
phosphorylated ones.
1. Cooke, R. Biophys Rev, 2011. 3(1): p. 33-45.
2. Naber et al. Biophysical Soc 55-th Annual Meeting, 2011: p. 26.
3. Stewart, M.A., et al. Proc Natl Acad Sci USA, 2010. 107(1): p. 430-5.
4. Hooijman, et al, Biophys J, 2011. 100(8): p. 1969-76.
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Rationale: Alterations to the cardiac regulatory light chain (RLC) phosphory-
lation state correlate with many types of cardiac disease including familial hy-
pertrophic cardiomyopathies (FHC’s) and heart failure (HF) post myocardial
infarction (MI). However, little is known regarding the role of RLC
phosphorylation in regulating cardiac contraction mechanics during
shortening. Objective: Determine the mechanical effect of altered cRLC phos-
phorylation on the force-velocity characteristics of cardiac muscle.
